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ABSTRACT

By spinning a flexible disk about a central
hub, it is possible to erect a surface which is suffi-
ciently stiff to be useful for aerodynamic braking.
Such a disk is potentially useful as a reentry decel-
erator because it can be made relatively large with
reasonable weight. If the area is large enough, radiation
cooling will keep the surface temperature within tolerable
limits without the use of non-structural thermal-protection
materials. The paper presented here describes a reentry
decelerator system, called the "Rotornet", that exploits
these possibilities. The disk area required for typical
manned reentry missions from earth orbit is of the order
of one square foot per pound of payload, and the deceler-
ator weight is a few percent of the payload weight. The
advantages of such a system are greatest under conditions
of long heating pulses (e.g., manned entry at superorbital
speeds) or low-density atmosphere (e.g., Mars). The
Rotornet is shown to be free from spiral instability with
proper mass balance and rotor coning. The rotor disk
exhibits travelling-wave panel flutter which can be
suppressed by various means.



I. INTRODUCTION

The possibility of using large, lightly loaded
decelerators for entry from orbit into planetary atmospheres
has been of continuing interest since the beginning of
serious work in reentry mechanics. Eggers1 and Gazley?,
as well as othexr early investigators, have pointed out
that for a ballistic vehicle of given mass the maximum
- heating rate decreases as the effective drag area CDA
is increased. Thus, if the drag area can be made suffi-.
ciently large, the heating rates can be made compatible
bwith the ability of structural materials to reject heat
by radiation.

The principal advantage to be gained from the
large-drag-area approach is that for a wide range of
mission-parameters _t offers a potentially large decrease
in the dece_:zrator weight fraction (ratio of decelerator
weignc to payioad weight) over the use .. systems of
conve..cionally high density. In addition, there are a
number of important secondary advantages, such as operation

at lower temperatures, improved communication throughout



the descent, and a potential for gliding and maneuvering
without lcige increases in structural weight.

ost of the devices which have been proposed to
take advantage of this operating regime have been towed
decelerators (e.g., parachutes, balloons, Ballutes, cones,
paragliders).® These devices share a number of basic
problems; for example, they must operate in the unsteady
wake of the payload, and they experience excessive and
uneven heating on shroud lines and points of shock impinge-
ment. As a result, the towed decelerator has not been
competitive with ablative systems for the reentry problem.

There have been at least two important attempts
to bypass some of the problems of the towed decelerator
by mounting the drag surface on the nose of the payload.
One of these, the Avco drag brake,?* showed considerable
promise but suffered from the weight penalty assoc:izated
with carrying the structural loads in bending over large
spans. A more recent development of this type is the
tension-cone decelerator,s'6 which makes use of a conical
membrane to transmit the aefodynamic loads to the payload,

and a concentrated ring to carry the compression forces




necessary to hold the membrane erect. This scheme appears
very promising for missions such as the Mars Lander, and
is currently under active development. Because of the
weight associated with the compression ring, however, it
appears likely that this device will not be feasible in
sizes large enough to permit operation without considerable
weight in thermal protection.

The decelerator system described here, which
has been named the "Rotornet", grew out of an attempt to
reduce the decelerator weight fraction by eliminating the
requirement for stiff structure to hold the surface erect.
In the Rotornet system, the aerodynamic surface is formed
by a rapidly spinning filamentary disk. It has been
found that this concept makes possible the use of aero-
dynamic surfaces which are sufficiently large to permit
reentry deceleration without non-structural thermal pro-
tection. The purpoée of this paper is to present the
work which has been done on the Rotornet concept, to discuss
its potential usefulnéss, and to point out areas in which

important work remains to he done.

b



IT. GENERAL DESCRIPTION

The aerodynamic surface which is the basic
element of the Rotornet system is a large, lightweight,
filamentary disk, mounted at its center to a hub on the
nose of the payload, as shown in Figure 1, and maintained
in a deployed condition by the centrifugal effects associated
with a high spin rate. The disk is constructed with
continuous fibers that run in curved paths from hub to
rim and back, in an axisymmetric fiber pattern such that
the tension throughout the disk is (essentially) uniform
under the loading of its own inertia in the éentrifugal
field. The aerodynamic surface is therefore composed of
a bidirectional array of structural fibers under tension.

The texture of the filamentary disk is that of
ric with the bias direction coinciding at every
point with the radial direction on the disk. The surface
can therefore deform locally, through the mechanism of
trellis shear, without changes in fiber length and without
wrinkling. This geometry allows the spinning disk to

deform into a cone without gross changes in the stress



distribution. Under the aerodynamic loading,>the disk
"cones back", and the load is transmitted to the hub
in the form of an axial component of fiber tension. For
the Rotornet systems under consideration here, the coning
is limited by heating considerations (for this study) to
a coning angle of about 30° (cone half-angle of 60°), since
it is essential to maintain the detached shock system
characteristic of blunt bodies.

Around the periphery of the disk are attached
a number of small weights, with an aggregate mass equal
to perhaps twenty percent of the mass of the disk. These
tip weights serxve to improve the behavior of the fabric
disk during deployment and in operation at lower altitudes.
They may (for missions requiring gliding and maneuvering)
have the form of aerodynamic vanes to counteract the
aerodynamic friction torque of the disk; for the ballistic
reentry mission, however, the Rotornet system can operate
on the energy of the initial spin-up, without sustaining
torque.

The fibers of the net are attached to the hub

by a clamp ring having a diameter of perhaps fifteen percent




of the disk diameter. If the payload cannot withstand
the spin rate, the clamp ring must be attached to the
payload through a bearing.

Since the rotational inertia of the deployed
disk is very large compared to that of the payload, the
energy for the initial spin-up must be provided by
rocket motors. This spin-up energy may be obtained from
retro-rockets by mounting them on the rim of the nose cap,
canted to produce a reaction torque. Alternatively, the
spinﬂg>méy be accomplished with small rocket motors
mounted on the rim of the disk, which motors would be
started after the disk is deployed and "stiffened" in
rotation at a relatively low spin rate.

The operational sequence of the Rotornet in a
ballistic reentry from orbit is shown in Figure 1. After
deploymént and spin-up of the disk and ejection from
orbit, the vehicle loses altitude. The coning angle
gradually increases to a maximum of about 30°, after
which it decreases. 1In typical earth entries without lift
capability, low supersonic speeds are reached at altitudes

above 200,000 feet, thereby permitting potentially large



terminal-glide range. By providing a means to produce
a controlled pitching moment, nonaxial (lifting) £flight
can be achieved. This possibility offers potentially
large increases in performance, and should therefore

be considered one of the goals of any development

of this concept.

JIY. MECHANICS OF THE FILAMENTARY DISK

The Rotornet is basically a uniform-stress
(isotensoid) disk, as described in References 7 and 8.
The fiber geometry of the flat disk, shown in Figure 2,
consists of a network of circular-arc fiber paths which
intersect the origin. The fiber-path curvature is nec-
essary for the uniform-stress condition, and must be
maintained, as in a net, by "pinning" the fibers at
the intersections. For the Rotornet, the disk is truncated
slightly, near the periphery, in order to provide support
for the tip weights. The total mass of the tip weights
is approximately equal to the mass of the truncated outer

section.




An important characteristic of the fiber geometry
is that it has uniform increments of arc length between
points of intersection in the fiber pattern. The disk
can therefore be deformed, without changes in arc length,
into a cylinder, whereby the fiber pattern becomes an
array of helices (the hub expands and the rim contracts
to form the two edges of the cylinder). This deformation
is diagrammed in Figure 2. It should be noted that if
the disk is to.be fabricated using continuous fibers, with-
out structural seams, it must be fabricated with the
topology of a cylinder rather than a strip.

The properties of the isotensoid disk form a
convenient set of reference properties for the Rotornet
disk. The weight of an isotensoid disk is readily computed
from the geometry in terms of the total cross-sectional
area of ;he fibers radiating from the origin, and the

outside radius of the disk:

T
Wref = Pg98e%3 Rref

(1)



where Wref is the weight of isotensoid disk, pfg is

the weight density of fiber, af is the total structural
cross—-section area of fiber radiating from origin, and

Rref is the reference radius (outside radius of isotensoid
disk). For the present discussion it will be assumed that

the structural weight of the Rotornet is adequately repre-

sented by

‘R (2)

o3

R~ FE°°f

where R 1is the effective outside radius of the Rotornet
disk, including the area of tip tabs.

The fiber stress distribution in an isotensoid

disk is uniform. The stress, sref , associated with a
spin rate, w , is given by
1 2
= T &
Sref T 2 pfg( Rref (3)

This is one-half of the stress in a spinning hoop of the
same material. For the Rotornet disk, the nature of the

distribution of fiber stress can be changed by changing

-10-




the tip weights. The stress distributions in a typical
truncated disk, for several sizes of tip weights, are
shown in Figure 3. If the spinning disk is loaded and
deformed by an axisymmetric distribution of normal forces
(e.g., aerodynamic pressure) the tension distribution will
not change appreciably, provided the deflections are small
compared to the radius.

The deformed shape of the loaded net depends
on the aerodynamic load distribution. The aerodynamic
load distribution, however, depends on the details of the
shape. The equilibrium shape of the net, for any given
set of conditions, must therefore be obtained simultan-
eously with the aerodynamic load and the tension distribution.
Reference 9 describes a method for obtaining a family of
equilibrium shapes by digital computer, by the use of
an iterative technique. The aercdynamic loading is taken
to be that of a Newtonian pressure distribution, i.e.,
a loading for which the local normal-pressure coefficient
is given by CP = 2 cos®B where B 1is the local coning
angle. The results for a typical set of design parameters

are shown in Figure 4 for various values of the coning

-11~



angle at the hub. Several coned-up shapes are shown,
along with the corresponding drag coefficients.

The resultant axial force exerted by the

coned-up Rotornet on the hub is

Fb = sbaf-51an-cosYb

where Y 1s the angle between the meridian and the tangent

to fiber, and the subscript b denotes conditions at the

B4

hub. For all cases of interest, cosY

b 1.

The axial component of force in the coned-up
net at the hub is assumed to be equal to the total aero-
dynamic force on the net. An equivalent assumption is
that the mass of the disk is negligible compared with the

mass of the payload.

-12-
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IV. PERFORMANCE

For preliminary design purposes, it is essential
to be able to predict the size and weight of the Rotornet
regquired to perform a given mission in terms of the nission
parameters and the properties of the structural material
used in the filamentary disk. It will be shown that alge-
braic "performance relations" suitable for this nurpose
can be derived readily by combining several fundamental

relations describing the Rotornet and its operation.

Aercdvnamic Heating.

The temperature of the Rotornet structure is
computed under the assumption that the surface is heated
by convection on the front sides and that this héat is
rejected by radiation from both sides of the disk.

The thermal capacity of the disk is neglected and the
disk is assumed to be nonporous. It is further assumed
that radiative heating £from the shock layer is negligible
compared with the convective heating. The condition for

thermal equilibrium is that

~13-



where g is the cocavective heating rate, ¢ is the
conv

emissivity of the surface, (V@) is the view factor, and

T 1s the absolute temperature. The product &(VRE) is

the heating takes place only on the front face c¢f the Jlisk,
ooth front ana rear faces reject heat by radiation, the
rear face at a somewhat lower temperature.

The convective heating rate was computed by the
N o g Eoul S . a lolll 7 b - 1 = I ~— - A =7
metchods of Lester Lees and the Handbook of Astrornautical
= 1 . ; =
Encineering.”® The heating-rate distribution for a flat

10 o : . o .ola . . i a o emmeed s
Ciss is gilven by Stainback, who shows that the maximum
~eating rate occurs at the rim, and is about C.&8Z o0Ff the

stagnation-point heating of a sphere of the same radius.
The heating distribution over a shallow cone was assumed
O e such that the maximum heating rate occurs at th 2 rim

and has the same value as that measured for the disk. This

assumnption, taken together with Lees' formula for heating

et the stagnation point of a sphere, gives the relation

which was used for the critical heating rate of the
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(say, the point of maximum convective heating rate) varies
as 1/R® , since érad ~ o™®R (Ref. 12), and p ~ 1/R®

at the critical point for a given set of entry conditions.
Thus the larger-radius entry body, in spite of the increased
shock-layer thickness, experiences lower radiant heating
rates. By comparison, the convective heating rate varies

as l/Rl'5 . These general conclusions are also supported

by the more exact analysis of Reference 14.

Entry Trajectory Studies

In order to study the behavior of the Rotornet
under conditions of planetary entry, a digital-computer
program was written to perform the point-by-point integra-
tion of the trajectory equations. The equations of motion
assumed a round, non-rotating planet. The temperature of
the surface of the Rotornet was .computed at each point
in the trajectory from the atmospheric density and velocity,
using equations (5) and (6). The heating rate at the rim
of the coned-back nét was taken to be representative of the

entire surface.

-16-



The Rotornet model used in the trajectory
studies was the same as that represented in Figure 4. The
model was incorporated into the trajectory program in
the form of curve-fit relations which gave drag coefficient
and coning deformation as functions of the dynamic pressure
and the weight, radius, and spin speed of the disk. Pro-
visions were included for assuming any one of several types
of spin-speed control, including constant speed, constant
coning angle, constant margin of safety, and constant
angular momentum. The details of the trajectory program
are discussed in Reference 8.

The computer results for a typical trajectory
are shown in Figure 5. It can be seen that the peak
coning éngle occurs between the points of maximum tempera-
ture and maximum deceleration. The spin-speed control
for this trajectory provided for a constant margin of
safety for the structural fibers; that is, the fiber stress
at each point in the trajectory was a fixed fraction of the
allowable stress of the material at temperature.

Approximately a hundred trajectories were run,

covering a wide variation of mission parameters, Rotornet

~17=~




size, and material characteristics. It was found that

drag modulation (resulting from the coning deformation)

had very little effect on the overall trajectory, pro-
vided that the maximum coning angle was less than about

35 degrees. It was also found that the classical solutions
for entry into an exponential atmosphere with a flat earth®®
could be used, with excellent accuracy, to predict the
computer-program results for the peak values of heating
rate and deceleration, along with the altitudes and velo-
cities at those points. Figure 6 is a plot of maximum
temperature vs. the "loading density" parameter that

ariseé from the classical theory. The computer-trajectory
results, plotted on this graph, fell within a scatter

band of‘ébout + 10°F. The value taken for drag coeffi-

cient was CD = 1.75 .

Performance Relations

Since the trajectory results can be predicted
using the solutions obtained with the classical exponential-
atmosphere theory, it is possible to derive simple algebraic

relationships to describe ‘the performance of the Rotornet.

-18-




Such relations can be used to compute the weight and size
of disk required to perform a given mission, and to shed
light on the problem of optimum design. The trajectory
relations which are necessary for the derivation (and

which are derived in Reference 15) are as follows:

—1/6

u = u.e = .85u.
T i i
= ~Y= 7
ug = ue .6lui (7)
= 3
pN p

Here w is the velocity and ¢ the atmospheric density.
The subséripts i, T, and N stand for the initial
value and the conditions at the points of maximum temper-
ature and maximum deceleration. Another expression which
will be used gives the relation between decelerating force

and dynamic pressure:
NW = D = +puPC_TR® (8)
2 D )

~19-




The guantity N used here is the load factor (i.e., the
deceleration in g's), while W is the total weight of
the vehicle.

The desired performance relation can be obtained
by expressing the condition for thermal equilibrium in
terms of the Rotornet parameters and the initial conditions.
Equation (8) may be used to eliminate p from the heating
equation (6). In addition, the trajectory relations
(eq. 7) may be used to express the conditions at the point
of maximum heating rate in terms of the initial veiocity
and the maximum deceleration. For this purpose it is
convenient first to establish, from the velocities and
densities, the ratio of load factors at the points of

maximum heating and maximum deceleration:
N = S-e N_. = .65N (9)
On making the various substitutions indicated, it can

be seen that the condition for thermal equilibrium at

the point of maximum heating is

-20-



1 N W
d = | 0€ 2|28 _ Z.or3..4.,
qi' [ (VF)TT] 3 2K i chRa

(10)

A relation for the Rotornet radius requirement can now
be obtained in terms of the allowed temperature and load
factor by solving for R in equation (10).

A second performance relation can be develdped
to give the weight of the Rotornet structure in terms of
load, geometry, and size. Since the total force on the
coned-back net, from equation (4), is the inertia force
of the payload NWp . the two equations (2) and (4)
can be combined to eliminate af in order to give the
Rotornet radius in terms of the specific strength A

of the structural material and the decelerator weight

fraction. Thus:

A-sing "=

R = 2. _R
R = o= (11)

av)

Here A = s/pg , where the stress s is measured at
the hub. Note that the rotor weight fraction is proportional

to the radius.

-21-




Equation (1ll), evaluated at max T , may now
be combined with equation (10) to eliminate R . The

resulting expression is the desired performance equation:

3 &
Wy [re\=. K2 uiN§W

W = l1is cD-sinasT'(oeVFT‘*)z-xa

In the choice of parameters for minimum rotor
weight, two critical conditions must be kept in mind:
the allowable stress must not be exceeded at the point
of maximum temperature, and the critical wvalue of coning
angle for maintaining the detached shock must not be
exceeded at the point of maximum coning angle. The
determination of the more important condition depends on
the particulars of the spin-speed control used. Ia the
optimum case, that of operation with constant margin of -

safety, the designing condition is that the maximum

(12)

coning angle be limited (Bmax £ 30°) , since the decelerator

structure is, by definition, equally "safe" at all times.
It has been found that, for the materials and mission
parameters considered here, this condition is achieved

when BT < 25° ., If this wvalue is substituted into

-22-



equation (12), the expression can be evaluated for the

maximum temperature condition to get

W, uf.L/"*N;T/aWV‘*

— — -6' B

W, - 6.5 X 107% =3 3, (13)
T

where the following units must be observed: u , ft/sec:
W, 1b; ot* , Btu/ft®-sec; A , ft. The corresponding

expression for radius is, from equation (10),

wiB ey
R = 2.8 X 10“6'—?-(;;5-)35- | (14)"
T

It is shown in Reference 8 that if the optimum condition
of constant margin of safety is replaced by the less favorable
condition of constant fiber stress, the rotor weight fraction
is greater by about 30 percent.

Examination of equation (12) shows that the high-
temperature characteristics of the structural material
affect the rotor weight fraction only through the term
[Ge(VF)T4]%h'k . The lowest weight fraction for a given

material is obtained by choosing the maximum temperature

~23 =~



T, SO as to coincide with the maximum value of this
parameter. This parameter also forms a basis for com~
paring different materials. Figure 7 shown the strength-
vs.-temperature characteristics of wvarious structural;
fiber materials. The importance of high-temperature
capability fbr candidate materials for the Rotornet is
shown by Figure 8, which is based on Figure 7.

Figures 9 and 10 are plots of the performance
equations (13) and (l14). The structural material was
taken to be silica fiber with a safety factor of 5. It
can be seen that the structural-weight fraction for the
Rotornet is of the order of a few percent for payloads
of typical size, even for escape velocity. The curve of
rotor thickness represents the thinnest portion of the
disk, assuming the disk to be constructed of circular-
cross-section fibers with square packing.

The performance relations show that the weight
of the spinning-disk decelerator is least for missions
with low values of maximum deceleration. This property

arises from the nature of the heat-rejection mechanism;

-24



since the critical factor is the maximum heating rate,
rather than the total quantity of heat rejected, the
heating problem becomes less severe, for a given initial
velocity, if the heating time (as well as the deceleration
time) can be prolonged. By contrast, ablator weights

show a slight increase with an increase in the length

of the heat pulse.

Performance relations can also be derived for
the case of lifting flight with a fixed L/D and for the
case of equilibrium glide at superorbital velocity. The
latter case is particularly interesting, in that it indi-
cates that a decelerator capable of reentering the earth's
atmosphe:e with hyperbolic velocity can be made with a
structural weight which is only a few percent of the pay-
load weight. The L/D assumed for this calculation was
0.2, which is, in principle, well within the capability

of a spinning disk in hypersonic flow.

-25-



Dynamic analysis of the Rotornet in axial

£light has revealed the existence of three distinct nodes

5 .

of dynamic instability. The first is a violent divergence
that occurs at high conincg angles when the center of

- L : ) ‘ Kol - fnd ) ] 3
gravity is located too far aft of the hub plane. The

instability results from the fact thac the static com=—

(q)

pressive load in the structure connecting the navload

B b b

to the hub plane creates a destcabilizing moment similar

deceleration and correspondingly large coning angles,
the stiffening effect of the gyroscopic forces acting on

-~

ficient to overcome the destabilizing

th

the rotor disk is insu

cr
9
o)
0
o
o}
0,
fu
H
<
H
O
H

noment and the rotor toonles. A stabili
“strong colunn instability", is shown in Figure 11 for a
cypical coniiguration. The effect may be alleviated by
increasing the hub radius and may be eliminated entirely
by placing the center of gravity forward of the hub nlane.

Wiien aerodynamic damping effects are added to the stabilits

analysis, it is found that the region of strong column




instability is bordered by a region of mild instability,
in which the amplitude increases at a rate that is gener-
ally less than one percent per revolution.

The second type of dynamic instability is a
spiral divergence that 1is common to all helicopter-like

. 8 o]
devices. '?

In this mode the vehicle executes a slowly
diverging helical motion accompanied by a slight tilt of
the vehicle away from the axis of the helix. Relative
motion between the rotor disk and the hub plane is small.
The instability disappears for sufficiently large coning
angles and is insensitive to center of gravity position
and hub radius.

As shown in Figure ll,.spiral instability and
column instability are avoided by a vehicle with a forward
center of gravity operating with a coning angle dreater
than about 13 degrees. Smaller coning angles can be
avoided except possibly during the initial portion of the
planetary entry trajectory. Spiral instability is not
expected to be a serious problem because the rate of

divergence is very small (less than one percent per

revolution) and because the elapsed time between effective

-27-




contact with the sensible atmosphere and the development
of a sufficiently large coning angle is short (See
Figure 5). It is also possible to eliminate spiral in-
stability at low coning angles by means of an active auto-
pilot that tilts the rotor hub relative to the axis of the
vehicle in response to error signals from an attitude
reference.®

The third type of dynamic instability that has
been identified during investigation of the Rotornet is a
travelling wave flutter in which waves travel around the
rotor disk at a fraction of the rotational speed. From
two to six waves with impressively large amplitudes have
been observed by spinning flexible disks in still air and
during tests in a low-speed wind tunnel,®* TFigure 12 is
a photograph of a Rotornet with rim impellers in tethered
autorotating £light taken just prior to collapse. The
figure illustrates both spiral instability and two-wave
travelling wave flutter. An example of stable flight is
shown in Figure 13.

Analysis of the travelling wave flutter phenomenon

in subsonic flight reveals that the critical parameter

-28-




governing its occurrence is the ratio of the apparent

mass of the fluid to the mass of the rotor disk. 1In

addition to a small amount of damping, either structural

or aerodynamic, is required to prevent flutter. Figure 14

shows a subsonic stability boundary for a Rotornet with

aerodynamic impeller tabs distributed around the rim.

The mass parameter, u , 1s the ratio of the mass of a

sphere of air with the same diameter as the rotor disk,

to the mass of the rotor disk. The damping parameter, B ,

is the ratio of tip speed to axial descent speed multiplied

by the ratio of impeller area to total disk area. It is

seen that stable flight cannot be achieved for y > 3 '

or for B < .05. The critical flutter mode has two waves.
The restriction to small values of the mass

varamneter is a severe limitation for low altitude subsonic

flight in the earth's atmosphere and may effectively

eliminate the Rotornet as a terminal descent device for

landing on earth. The situation with regard to a Mars

landing is much more favorable due to the lower atmospheric

density. Values of yu for tentative designs of Martian

entry vehicles are generally around 1.0 . |
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An analysis has also been made®® of travelling
wave flutter in hypersonic flight. In this regime apparent
mass is not a consideration and the critical parameter is
the aerodynamic damping provided by rim impellers. Flutter
boundaries for hypersonic travelling wave flutter are
shown in Figure 15. It is seen that the number of waves
in the flutter mode will be large and that the surface area
of the impeller tabs should at least be equal to 14% of
total disk area. The coning angle is significant only
for flutter with a small number of waves.

Rim impellers designed as aerodynamic damping
devices should be torsionally unconstrained at their
connections to the rim, and should be mass balanced to a
point forward of the aerodynamic center. Centrifugal
force provides a spring rate that resists pitching motions
of the impellers.

Rim impellers are also required to maintain rotor
speed in the presence of aerodynamic friction tordque
particularly in the terminal flight phase. Calculations

show that, with impellers of sufficient size to prevent
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travelling wave flutter, the 1lift coefficient required
for autorotating subsonic f£light is easily achieved.

It can also be shown® that aerodynamic drive
is not necessary in the hypersonic portion of the entry
trajectory provided that the Rotornet is pre-spun by
rocket motors prior to entry. Speed decay due to aero-
dynamic friction is not significant until well after
peak deceleration.

An interesting possibility is the use of chordwise
mass balance of the rim impellers to produce speed stability
without the aid of an active control system. It is not
difficult to calculate the balance required to maintain
a given rotor speed for each flight regime. Achieving
a satisfactory compromise of the various requirements may
be more difficult.

Rotary winged vehicles are capable of trimmed
lifting flight provided that some parameter of the system
is varied cyclicly with azimuth position. In the case
of the Rotornet a convenient parameter to vary is the
tilt of the hub plane relative to the axis of the vehicle.

The lift to drag ratio that can be achieved by such a system
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may be estimated from the following formula

3 Y

ac’
/D ~ 2 ResinB (15)

L

where R 1is the rotor radius, B is the coning angle

and yac is the lateral offset of the center of gravity

of the vehicle relative to an axis that is perpendicular

to the hub plane. It will be noted that large L/D ratios
can be achieved when the coning angle is émall, i.e., when
the drag is small, so that the primary limitation is on
lift rather than on the L/D ratio.

The cyclic control system will require a mech-
anical swash-plate between the hub and the fuselage of the
vehicle and some means (probably small aerodynamic sur-
faces) to balance the torque on the fuselage due to bearing
friction. Rotational isolation of the fuselage from the
rotor will be required for a man-rated vehicle in any case.
For such systems the addition of a swash plate to provide
lateral control and trimmed lifting flight is not a serious

complication.
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For unmanned vehicles it is permissible for the
fuselage to rotate. Thus, if there is no requirement for
lift, and if rotor speed can be adequately controlled by
the mass balance of rim impellers, unmanned Rotornet
entry vehicles can be built without bearings, swash plates

or active control systems of any kind.
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VI. CONCLUSIONS AND RECOMMENDATIONS

on the basis of the feasibility study which
is described here, it appears that the spinning disk
is potentially an attractive hypersonic decelerator for
planetary entry. It can be shown that extremely low
decelerator weight fractions are possible with this
concept for a wide range of mission parameters, at a
cost of some increase in mechanical complexity over the
conventional systems. The concept seems especially
promising for two types of missions: those for which
the entry deceleration must be accomplished in low-density
atmosphere, and those which require low levels of decelera-
tion with high initial velocities.

This approach represents a sharp departure from
existing decelerator technology. There afe, therefore, a
number of technical areas in which experience must be
gained before the full potential of the concept can be
known or realized. The areas of greatest immediate interest
are those having to do with the aerothermodynamics of the

spinning cone in hypersonic flow, such as the prediction
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of friction torque, the effects of porosity, heating
distribution in non-axial'flight, and the design of rim
vanes for driving torque and flutter suppression.

The application for which the Rotornet appears
to offer the greatest potential advantage is that of manned
reentry at superorbital velocities. In addition to the
low weight fraction, the large spinning disk promises to
provide the capability for high-altitude, hypersonic
gliding and maneuvering. While it is doubtful that a
given disk could be used for more than one entry mission,
the cost of replacing a disk should be small compared to
the cost of refurbishing a conventional ablation-protected
gliaing vehicle. . In this respect the Rotornet is similar
to the parachute; eventually the logistics couid be
similar. For operations which require a large amount
of reentry traffic (such as a "shuttle service" to and
from an orbiting station), the Rotornet system could
provide a very attractive combination of low airframe
weight, good maneuvering capability, and low refurbishing

cost.
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Another type of mission in which the low-loading
decelerator offers many advantages is in the exploration
of planetary atmospheres. A very light vehicle can
decelerate at higher altitude and descend more slowly,
thereby allowing more time and better conditions for
taking and transmitting data. A Rotornet for a Mars Probe-
Lander, for example, could be a one-piece design, provided
the payload is permitted to spin. If a shallow entry could
be enforced, the Rotornet would offer a large saving in
the weight of the entry decelerator; for 90-degree entry
the Rotornet weight is competitive with proposed ablative
devices. Furthermore, the Rotornet would be suitable for
terminal descent, thereby eliminating the parachute and
its associated ejection and deployment systems. Thus, for
this application, the Rotornet promises to be both lighter
and less complicated than conventional deceleration systems,
in addition to foering the advantages of the low-loading
decelerator.

In summary, it may be concluded that the concept
of the spinning-disk decelerator should be pursued. It is

generally recognized that the radiation-cooled low-loading
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decelerator offers many operational advantages over the
hotter, more dense systems. The technique of spinning
the surface to hold it erect promises to make the
radiation-cooled decelerator a practical matter, by
permitting very large surface areas at attractive values

of total decelerator weight.
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